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INTRODUCTION 


One  of  the  important  missions  that  has  emerged  for  thermoelectricity 
has  been  as  the  energy  conversion  method  for  fossil  fuel  heat  in 
front-line  or  "back-pack"  power  sources.  Fundamental  requirements 
for  such  power  sources  are  reliability,  light  weight  and  efficiency. 
Efficiency  and  weight  are,  of  course,  interrelated  because  high 
efficiency  means  lower  fuel  weight  for  a  given  mission  and  because 
efficiency  usually  decreases  as  thermoelectric  generator  weight 
decreases . 

The  in-line  module  concept  is  being  developed  as  a  means  of  assem¬ 
bling  thermoelectric  semiconductor  elements  in  a  manner  providing 
increased  efficiency  and  reliability  and  decreased  weight,  compared 
to  conventional  v.  configurations ,  for  these  front-line  applications. 
The  n  configuration  is  schematically  illustrated  in  Figui  ?  la  while 
the  in-line  concept  is  shown  schematically  in  Figure  lb. 

The  important  advantages  of  the  in-line  concept  can  be  listed  as 
follows: 

1.  Weight  and  power  penalties,  associated  with  the 
"straps"  conventionally  used  to  inter-connect 
thermoelements,  are  virtually  eliminated. 

2.  Weight  and  thermal  penalties,  associated  with  the 
springs  and  related  conponents  required  to  maintain 
compressive  loading  on  individual  thermoelements, 
are  virtually  eliminated. 

3.  Tempera iure  gradients  across  the  cold  junction  elec¬ 
trical  insulation,  required  for  the  n  design,  are 
eliminated  in  the  in-line  concept. 

4.  It  is  ideally  suited  to  convective  cold  junction 
heat  transfer  which  is  required  for  light  weight 
front-line  applications. 

3.  Generator  assembly  is  simplified  and  attendant 
reliability  advantages  are  thus  obtained. 

The  first  half  of  the  program  was  devoted  to  a  development  effort  tc 
enhance  or  refine  the  technology  required  to  fabricate  in-line 
thermoelectric  modules.  The  results  of  this  program  can  be  sum¬ 
marized  as  follows: 

1.  Positive  and  negative  polarity  thermoelements  of  demon¬ 
strated  stability  and  acceptable  efficiency  are  avail¬ 
able  . 
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2,  A  heat  transfer  analog  test  demonstrated  that  65-70  per¬ 
cent  of  the  heat  input  to  an  in-line  module  is  available 
for  conversion  to  electricity. 

3.  A  design  concept  was  evolved  which  allows  an  air-free 
environment  to  be  maintained  around  the  thermoelements 
without  compromising  all  the  advantages  of  the  in-line 
module  concept. 

The  second  half  of  the  program  was  devoted  to  applying  these  results 
tc  the  design,  fabrication  and  testing  of  in-line  thermoelectric 
convertors-  In-line  modules  of  various  configurations  containing 
three  or  five  couples  were  fabricated  to  test  techniques  of  module 
assembly.  One  of  these  five  couple  modules  has  been  tested  for  1800 
hours  and  300  thermal  cycles  with  a  25%  decrease  in  power  output. 

An  experimental  twenty  thermocouple  in-line  convertor  module  was 
fabricated  and  subjected  to  limited  testing.  It  was  then  delivered 
to  the  U.  S.  Navy  Engineering  Experiment  Station  at  Annapolis, 
Maryland  for  further  evaluation.  The  twenty  thermocouple  module 
weighed  1.4  pounds  including  mounting  plate,  cold  junction  heat 
exchanger,  and  enclosure.  When  operated  between  900° F  and  330°F  the 
module  produced  10.5  watts  of  power  at  2.9  %  efficiency. 

The  twenty  thermocouple  module  showed  a  decrease  in  power  output 
during  the  limited  test  program  imposed.  Final  diagnosis  of  the 
cau.se  of  this  decrease  must  await  post  tesL  examination,  but  evi¬ 
dence  new  available  indicates  that  the  negative  thermoelements 
suffered  a  change  in  thermoelectric  properties  resulting  in  a 
Secheck  voltage  decrease.  The  exact  cause  of  this  change  is  not 
known  although  oxygen  is  the  primary  suspect  at  this  time. 
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2.  DESCRIPTION  OF  THE  IN-LINE  CONCEPf 

Thermoelectric  convertor  development  effort,  in  general,  has  been 
concentrated  in  the  areas  of  improved  materials  properties  as  a 
function  of  tenperature  and  semiconductor  to  metal  joining  based  on 
the  n  configuration.*  There  have  been  ancillary  efforts  in  the 
areas  of  encapsulation,  electrical  insulation  and  stress  reduction. 
The  purpose  of  the  effort  reported  herein  has  been  to  determine 
whether  significant  inprovements  in  specific  weight  and/or  reli¬ 
ability  could  be  achieved  by  a  fundamental  variation  in  module  con¬ 
figuration. 

The  module  configuration  originally  selected  for  study  is  depicted 
in  Figure  lb  and  designated  in-line  for  obvious  reasons.  The  in¬ 
line  module  consists  of  a  column  of  thermoelements,  alternately  N 
and  P  semiconductors  with  cantilevered  fin  plates  between  them. 

The  fins  are  alternately  located  by  180°.  The  opposing  columns  of 
fins  constitute  the  hot  and  cold  heat  exchangers.  Heating  one  set 
of  fins  and  cooling  the  other  generates  electrical  current  which 
flows  in  a  straight  line  through  the  column. 

Early  in  the  program  it  was  determined  that  an  air  atmosphere  would 
be  detrimental  to  thermoelement  performance  and  that  sealing  of  the 
hot  fins  to  prevent  air  from  entering  the  thermoelement  location 
was  a  formidable  techidcal  problem.  A  variation  of  tne  in-line  con¬ 
figuration,  schematically  depicted  in  Figure  2,  was  therefore 
selected  for  development.  This  variation  utilizes  a  sealed  enclo¬ 
sure  within  which  a  suitable  atmosphere  can  be  maintained. 

Examination  of  the  revised  in-line  concept  discloses  certain 
advantages  and,  inevitably,  certain  disadvantages  which  are  given 
in  Table  I  below. 


TABLE  I 


Advantages  and  Disadvantages  of  an  In-line  Thermoelectric 
Module  Configuration  Using  a  Sealed  Enclosure _ 


Advantages 


1.  Weight  and  power  penalties, 
associated  with  the  conductors 
conventionally  used  to  inter¬ 
connect  thermoelements,  are 


Disadvantages 


1.  Thermal  and  weight  penalties 
are  introduced  due  to  the  lengths 
of  hot  and  cold  fins  inside  the 
enclosure. 


*  See  Figure  la 


Advantages 

eliminated  or  reduced. 
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Disadvantages 


2.  Weight  and  thermal  penalties, 
associated  with  the  springs  and 
related  conponents  required  to 
maintain  compressive  loading  on 
individual  thermoelements,  are 
virtually  eliminated. 

3.  Temperature  gradients  across 
the  cold  junction  electrical 
insulation,  required  for  the  it 
design,  are  eliminated.  Identi¬ 
cal  considerations  would  apply 
to  the  hot  junction  insulation 
if  thermoelements  were  to  become 
available  that  would  function 
suitably  in  air. 

4.  Ideally  suited  to  convective 
cold  junction  heat  transfer 
which  is  commonly  used  for 
front  line  or  "back-pack"  appli¬ 
cations.  Again,  thermoelements 
suitable  for  operation  in  air 

or  a  solution  to  the  hot  fin 
sealing  problem  would  make  the 
in-line  configuration  equally 
ideal  for  hot  junction  convec¬ 
tive  heat  transfer. 

5 .  Thermoelement  length  toler¬ 
ances  need  not  be  main taint  , 
this  leads  to  manufacturing 
ease  and  cost  reducti"Ti  This 
advantage  was  disclosed  during 
module  fabrication  and  test. 

6.  Compliancy,  needed  to  mini¬ 
mize  thermal  stresses,  can  be 
introduced  into  the  in-line  con¬ 
cept  with  no  thermal  and  mini¬ 
mal  weight  penalties.  An  iden- 
Lical  degree  of  compliancy  in  a 
it  module  incurs  appreciable 
thermal,  weight  and  electrical 
penalties . 


2 .  The  extraneous  losses  through  an 
in-line  convertor  are  somewhat 
larger  than  for  a  typical  it  module. 
A  discussion  of  this  is  given  in 
section  6  of  this  report. 

3.  Because  the  finned  cold  junction 
heat  exchanger  passes  through  the 
wall  of  an  enclosing  structure, 
sealing  to  prevent  oxidation  is  more 
difficult  than  in  a  it  module. 


Advantages 


Disadvantages 


7.  Since  thermoelectric  convertor 
technology  has  not  achieved  99 +% 
reliability,  thermoelement  fail¬ 
ure  cannot  be  unexpected.  The 
fact  that  the  cold  fins  are  both 
accessible  and  part  of  the  elec¬ 
trical  circuit  enables  a  non¬ 
operative  thermoelement  to  be 
short-circuited  with  great  ease. 
The  advantage  of  this  feature  in 
a  device  containing  tens  or 
hundred  of  thermoelements  in 
series  must  not  be  minimized. 


As  part  of  this  program  a  twenty  thermocouple  module  was  fabricated 
and  tested.  A  significant  advantage  of  the  in-line  concept  was  dis¬ 
closed  by  the  experience  gained  in  this  hardware  phase,  i.e.,  the 
ease  of  manufacturing  and  reject  rate  for  in-line  modules  was 
favorable  as  compared  to  it  modules  using  identical  thermoelements. 
Manufacturing  ease  and  low  reject  rate  may  have  a  bearing  on  sub¬ 
sequent  reliability,  this  has  historically  been  the  case  in  other 
technologies.  The  reason  for  the  manufacturing  superiority  of  the 
in-line  configuration  is  thought  to  lie  in  the  fact  that  thermo¬ 
element  length  tolerance  need  not  be  maintained.  The  ease  of  intro¬ 
ducing  compliancy  into  the  module  may  also  have  had  a  bearing  on  the 
low  reject  rate.* 

Compliancy  is  a  subject  needing  additional  discussion.  The 
Thermoelectric  Division  of  General  Instrument  Corporation  and  other 
laboratories  working  in  this  field  have  devoted  considerable  design 
and  experimental  effort  to  develop  methods  ol  introducing  compli¬ 
ancy  into  n  modules.  The  compliancy  is  needed  to  prevent  excessive 
stress  being  applied  to  the  thermoelements  due  to  longitudinal 
thermal  expansion  of  the  semiconductors  and  differential  expansion 
of  hot  and  cold  plates.  This  compliancy  has  introduced  unwanted 
thermal  gradients,  resistance  increases,  weight  penalties  and  com¬ 
binations  thereof.  As  will  be  discussed  further  in  Section  6  of 
this  report  it  is  a  comparatively  simple  matter  to  introduce  corn- 
pliancy  into  an  in-line  module  with  no  unwanted  thermal  gradients^ 

*  Low  reject  rate  is  actually  an  understatement.  Of  the  40  thermo¬ 
couples  made  for  the  twenty  thermocouple  module,  not  one  was 
rejected  in  quality  control. 
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negligible  weight  increase,  and  minimal  electrical  resistance 
increase. 
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3.  SEMICONDUCTOR  THERMOELEMENT  TO  METAL  CONTACTS 

In  recent  years,  intensive  effort  has  been  expended  by  many  private 
companies  and  government  laboratories  for  the  development  of  semi¬ 
conductor  thermoelectric  materials  having  a  high  figure  of  merit,  Z, 

where  Z  = 

e  K 

aC  *  Seebcck  coefficient,  volts/''" 
e  =  Electrical  resistivity,  ohm-cn. 
k  =  Thermal  conductivity,  watts/cm- °C 

More  recently,  however,  it  has  been  recognized  that  this  figure-of- 
merit  definition  is  over  simplified.  Experience  has  shown  that  a 
high  value  of  Z,  in  the  abstract,  does  not  necessarily  yield  useful 
devices.  Properties  such  as  strength,  coefficient  of  expansion, 
phase  changes,  diffusion  rates,  etc.  can  have  as  much,  or  more, 
bearing  on  the  utility,  even  the  feasibility,  of  a  material  than 
does  its  figure  of  merit.  In  order  to  truly  evaluate  the  utility 
of  a  material,  it  is  necessary  to  examine  it  as  a  bonded  structure, 
conposed  of  the  thermoelectric  element  electrically  and  thermally 
connected  to  metal  contacts,  thus  generating  a  more  useful  defini¬ 
tion  of  effective  figure  of  merit,  Z* 

/  <*2 

where  Z  *  - - — 

k(e 

_  2 

ej  =  contact  resistivity,  ohm-cm 
1  =  thermoelement  length,  cm 

Examination  of  this  relationship  for  Z1  immediately  discloses  the 
need  for  low  values  of  junction  resistance,  especially  where  weight 
considerations  dictate  a  low  value  of  element  length. 

To  date,  two  different  basic  approaches  have  been  taken  to  the  pro¬ 
blem  of  making  suitable  contacts  between  thermoelements  and  metal 
conductors;  pressure  contacts  and  metallurgical  bonding.  Serious 
defects  have  developed  with  each  approach.  Low  values  of  contact 
resistivity  have  not  been  achieved  with  pressure  contacts,  even 
after  many  years  oi  intensive  development  effort.  Rigid,  metal - 
lurgicelly  bonded  assemblies  have  decs  loped  stress -induced  failures 
when  cycled  in  an  opera,.i"'T  temperature  gradient  (1,2).* 


*  Nun&ers  refer  to  references  in  Section  8. 
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The  following  requirements  have  been  established  for  a  satisfactory 
metallurgical  thermoelement  contacting  procedure: 

a)  low  junction  resistivity 

b)  no  tendency  to  "dope"  and,  therefore,  degrade 
the  thermoelectric  element 

c)  thermal  stress  levels  low  enough  to  avoid 
cracking  th*_  thermoelectric'  element 

d)  stability  with  time  and  thermal  cycling 

Contacting  techniques  satisfying  these  requirements  have  been  pre¬ 
viously  developed  by  General  Instrument  Corporation  for  ”N"  type 
lead  telluride  thermoelements.  One  of  the  goals  of  this  program 
was  to  develop  a  satisfactory  bonding  technique  for  "P"  type 
thermoelements.  The  following  discussion,  therefore,  presents  the 
results  of  contacting  technique  development  effort  for  "P"  type 
thermoelements . 

3.1  Pressure  Contacts-Capped  Elements 


In  an  attempt  to  satisfy  the  above  requirements,  using  a 
"P"  element,  a  series  of  experiments  he  /e  been  conducted 
using  a  modified  form  of  pressure  contact  as  illustrated 
schematically  in  Figure  3.  Techniques  have  been  developed 
by  the  Thermoelectric  Division  of  the  General  Instrument 
Corporation  for  metallurgically  bonding  0.002"  thick  iron, 
acting  as  a  diffusion  barrier,  to  "P"  type  lead  telluride. 
These  assemblies  are  stable  when  cycled  in  an  operating 
temperature  gradient  (1).  Limited  experimental  evidence 
was  available  at  the  start  of  this  program  indicating  that 
if  this  "cap”  were  to  be  plated  with  a  precious  metal  and 
then  pressed  against  a  precious  metal  that  values  of  contact 
resistance  resulted  that  were  markedly  lower  and  moie  stable 
than  those  obtainable  from  conventional  pressure  contacts. 

A  number  of  experiments*  were  then  conducted  in  order  to 
determine: 

a)  most  suitable  precious  metal 

b)  magnitude  of  pressure  required 

c)  contact  resistivity 


* 


The  experiments  and  results  thereat  are  described  in  detail  in  (3). 
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d)  stability  with  time  and  lycling. 

The  first  series  of  tests  was  intended  to  determine  contact 
resistance  as  a  function  of  pressure  at  room  temperature  and 
it  8S0°F  in  a  nitrogen  atmosphere.  Iron  anti  stainless  steel 
•amples,  electroplated  with  silver,  platinum,  or  rhodium, 
were  tested  in  various  combinations.  The  range  of  pressure 
was  20-80  psi.  The  results  can  he  summarized  as  follows: 

a)  Iron  base  samples  exhibit  lower  contact  resis¬ 
tivity  than  stainless  steel. 

b)  Contact  resistance  is  relatively  insensitive 
to  pressure  at  the  850°F  temperature. 

c)  The  silver  plated  to  silver  plated  (iron  base) 
and  the  silver  plated  to  platinum  plated  (iron 
base)  samples  exhibited  the  lowest  values  of 
contact  resistivity,  under  100  uAcr'-. 

A  second  series  of  tests  was  then  conducted  to  determine 
the  long  time  stability  of  contact  resistance  for  a  number 
of  samples,  both  iron  and  stainless  steel  bases,  in  both 
air  and  a  nitrogen  atmosphere  at  a  temperature  of  8B0°F. 
Various  combinations  of  platinum,  rhodium,  and  silver 
platings  were  tested  at  a  pressure  of  s0  psi.  for  up  to 
700  hours.  The  results  of  this  test  can  be  summarized  as 
follows: 

1.  After  700  hours  in  air  three  systems  exhibited  con¬ 
tact  resistivities  of  le-.s  titan  1.00  ^  cm'^: 

platinum  plating  versus  platinum  plating,  silver 
plating  versus  platinum  plating,  and  silver  plating 
versus  silver  plating;  all  on  an  iron  base.  All 
other  samples  had  ront.  i  t  rt-.-i  tivities  greater  than 
1000  a  -  erW.  All  systems,  ex.  i_pt  rhodium  versus 
rhodium  on  iron  and  platinum  versus  rhodium  on  stain¬ 
less  steel,  showed  "seizing”  or  "cold  welding.” 

2.  In  the  nitrogen,  atmosphere ,  after  Mil)  hours,  three 

systems  again  had  less  than  100  ...  cm-*-  contact 

resistivity:  silver  plating  vt  rsus  platinum  plating, 

silver  plating  versus  -silvan  plating,  and  silver 
plating  versus  rhodium  p]  *ting',  all  *>n  an  iron  base. 

All  sanples  sir  .wed  tvidema  >>!  "seizing”  except 
platinum  on  stainless  steel  v*  i rhodium  on  iron  and 
platinum  versus  silver  u  stainless  -reel. 

These  tests  demons 1 1  ated  tla  ‘ea-ii  1 1 i t  y  <•;  obtaining 
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pressure  contacts  with  acceptable  values  oi  contact  resis¬ 
tivity  (under  100  jw/verrr)  that  art.  stable,  in  air  or  oxygen 
free  atmospheres,  for  long  periods  of  time.  The  tendency 
towards  "seizing"  or  "cold  welding"  in  a  large  number  of 
cases  was  noted  with  concern  sin< e  this  would  tend  to 
restrain  the  thermoelement  from  thermally  expanding  or  con¬ 
tracting  freely  during  thermal  cycling.  This  tree  expan¬ 
sion  is  considered  necessary  t  >  prevent  excessive  stress 
levels  from  inducing  cracks  in  the  thermoelement.  It  was, 
however,  considered  possible  that  lorcts  required  to 
separate  these  seized  interfaces  night  he  sufficiently 
small  to  occur  during  thermal  cycling  so  that  a  program  of 
actual  thermoelement  testing  was  initiated.  The  silver  to 
silver  plate  system  was  investigated  because  of  the  low 
values  of  contact  resistivity  obtained. 

A  number  of  cyclic  life  tests  were  conducted  in  a  nitrogen 
atmosphere  at  a  hot  junction  temperature  of  9 a 0 0 F  and  a 
cold  junction  temperature  of  300°F.  The  typical  test 
element  configuration  consisted  ot  an  iron  cold  junction 
conductor,  tin  soldered  to  a  "P"  lead  ‘-elluride  thermo¬ 
element,  which  is  bonded  to  a  thin  iron  or  stainless  steel 
contact  at  the  hot  junction.  This  thin  contact  was  silver 
plated  and  spring  pressure  used  to  press  the  assembly 
against  an  anvil.  The  anvil  was  either  silver  plated  iron, 
pure  silver  or,  in  a  few  cases,  stainless  steel.  The 
stability  of  thermoelement  resistance  and  St ebeek  coeffi¬ 
cient,  during  exposure*  to  time  at  temperature  coupled  with 
thermal  cycling  was  observed. 

The  conclusions  reached  tree  this  te-t  effort  can  be  listed 

as  follows: 

1.  Capped  element  prossur*.  i  -nt  ■.  r-  ..irh  silver-  to  silver 
interlace  achieve  nmt  n-f  :  esis  tivi  t  les  <.,1  jnp  env- 
cuiitpared  to  ->00  to  I0un  .. -o-  <-.2  go  .  mvcntion.il 
pressure  contac  ts. 

2.  "Seizing"  or  "cold  \.t  iuing"  t  in.  "iivc  r  to  silver 
interface  Causes  resistance  inc  i eases  due  to  thermo¬ 
element  cracking. 

3.  Performance  better  t  *;  iu  a  fit  resistance  increase  per 
100  hours  cannot  be  expected  inn  this  system  and  con¬ 
siderably  riot  c  ucvclopmenr  a. I  d  f*  :<  q  ire.i  to  even 
achieve  this  perforn.nu  o  lew  1  «\  nsiste.itly. 

4.  Although  the  silver  t->  silver  jnur  f.H*  did  not  prs.ve 
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applicable  to  '  P"  type  lead  t  <-*L  Luride  h>t  junction  con¬ 
tacts,  it  nia  j  be  of  eecside:  it  *  i » *  v.ilu.-  In  other  areas 
of  thermoelectric  generator  design.  I'm  example,  the 
technique  is  being  applied  in  <  •  >ld  junction  contacts  in 
a  number  of  generators  being  Jen  l  .pcd  !  General 
Instrument  Corporation. 

3.2  Rigidly  Bonded  Thermoelements 


From  weight,  efficiency  and  reLi  d  iiii  .  i  ousiderations,  a 
rigidly  bonded  thermoelement  is  to  b<*  much  preferred  to  any 
sort  of  pressure  contact,  providing  the  problem  of  stress 
induced  cracking  can  be  overcome.  The  problem  lias  been 
most  serious  with  "P"  type  lead  telluride  materials  because 
of  their  poor  strength  character ls ties . 

3.2.1,  "P’1  Type  Lead  Telluride 

An  encouraging  but  preliminary  result  on  a  ’T" 
type  lead  tellurian  sampLe,  (  .2->”  diameter  and 
0.5M  long,  was  reported  in  the  first  quarterly 
progress  report  lor  this  program(l) .  In  that  report 
it  was  stated  that  two  additional  samples  would  be 
subjected  to  a!  more  c<>;nplete  evaluation.  The 
results  of  this  evaluation  are  given  in  Figures  U 
and  3,  cur-ves  of  resistance  and  Seebeck  coefficient 
variations  with  ti  me  ana  thermal,  eye  Ling.  Resis¬ 
tance  increases  were  obse*  ved,  ippr  oximat  ely  23 
per  100  hours  ot  testing,  isi.irh  were  probably 
causes,  by  thermal  -tresso-  induoiiig  i -racks  in  the 
thermoelement.  This  was  .-n  fi  »  mod  by  post  test 
photographs  and  electii<  .1  o'si-.t.itn  t1  prof  iling 
wherein  high  resistance  was  r  und  neat  the,  .tot 
junct  ion.  Figaro  t-  i-  ,«  pu  t  or  it  r  >gi  aph  ot  such  a 
test  sample  wherein  the  i  :  .  s  •  t  an  is  observed. 
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tested  and  the  tact  that  decreasing  the  diameter  to 
length  ratio  ot  tne  thermoelements  incurs  a  serious 
weight  penalty,  the  Uerisi-  n  was  nule  to  discon¬ 
tinue  evaluation  of  rigidly  ]  .a.. led  nP"  type  lead 
telluride. 

3.2.2  "P"  Type  Tin.  Tail,  lr.i.do  -  Lend  Telluride  Alloy 

A  limited  experimental  ov?.lu.d:"u  n  of  rigidly  bonded 
tin  telluride-lead  te'tluriue  elements  was  conducted. 
These  elements,  vendor  designation  "metallic  rich," 
were  purchased  from  the  Miiuiesota  Mining  and  Manu¬ 
facturing  Company.  The  vendor  claimed  that  the 
stability  of  these  elements  as  a  function  of  time  is 
superior  to  conventional  "P"  lead  telluride.  The 
vendor  supplied  properties  of  these  materials  are 
given  in  Table  1. 

Two  samples,  bonded  to  iron  contacts  using  tin  as  a 
solder,  were  tested  at  a  hot  junction  temperature  of 
300°F  and  a  cold  junction  temperature  of  150°F  to 
investigate  the  performance  of  this  bonding 
technique  at  the  expected  device  cold  junction 
temperature.  Both  samples  demonstrated  a  cata¬ 
strophic  reduction  in  Seebeck  coefficient,  over  50% 
decrease  relative  to  theoretical  for  both  samples. 

It  is  hypothesized  that  this  reduction  is  due  to 
adverse  doping  from  either  the  tin  solder  or  the 
iron  contacts. 

A  number  of  different  brazes,  Generalock,*  tin 
telluride,  GeFe2-Ge  eutectic,  were  evaluated  for 
bonding  the  thermoelements  to  iron  shoes.  Seebeck 
coefficient  degradation  oc cured  in  all  cases.  In 
addition,  a  small  number  of  sarrples  were  prepared 
by  prescing  vendor  supplied  tin  telluride/lead 
telluride  powder  into  thermoelements .  These  elements 
were  eo-pressed  to  metal  powders  as  contact  materials. 
Iron,  tin  telluride,  and  GeFeg-Ge  eutectic  were 
evaluated  as  powders.  A  similar  degradation  in 
Seebeck  coefficient,  occurred.  It  is  of  interest  to 
note  that  iron  and  tin  telluride  do  not  cause  a 
Seebeck  coefficient  decrease  with  conventional  ”P" 
type  lead  telluride. 

*  A  proprietary  General  Instrument  Corporation  solder j  the 
investigation  of  elements  using  this  solder  was  carried  out 
under  another  program 
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The  best  result  obtained  was  with  a  sample,  .  2S0" 
diameter  by  .500"  long.  t’r'rovbHl  !  .nde<l  to  iron 
contacts.  This  simple  retained  over  7 oi‘  its 
initial  performance  after1  S0»)  test  hoars  and  200 
thermal  cycles,  as  seen  in  Figaro  ‘ .  Unfortunately, 
other  samples  did  not  eon  farm  tlii  result. 

The  most  striking  result  oi  ■'’his  teat  progi am  is 
the  fact  that  these  rigidly  bonded  "P"  type  thermo¬ 
elements  were  cycled  In  an  operational  thermal 
gradient  without  stress  induced  cracking  and 
resultant  catastrophic  resistance  increases.  After 
an  initial  resistance  decrease  the  resistance 
remained  remarkedly  stable  thereafter.  This  is  a 
result  that  has  not  been  obtained  with  conventional 
"P"  type  lead  telluride.  The  absence  of  cracks  in 
the  tested  sanple  can  be  observed  in  Figure  8,  a 
photomicrograph  of  the  sanple  discussed  above. 

Of  course,  the  decrease  in  Seebeck  cceffient  that 
was  found  in  all  samples  tested  resulted  in  thermo¬ 
elements  of  unsatisfactory  power  characteristics, 
as  power  output  is  a  function  of  Seebeck  coefficient 
squared.  None  of  the  soldering  or  co-prtasing 
techniques  tested  were  satisfactory  relative  to  this 
phenomena  of  Seebeck  coefficient  decrease. 

The  program  described  above  was  very  limited  in 
scope  and  it  is  possible  that  an  expanded  evalua¬ 
tion  would  yield  a  contacting  method  that  would  not 
result  in  Seebeck  coefficient  degradation.  This 
method,  coupled  with  the  demonstrated  resistance 
stability,  would  provide  a  positive  polarity  thermo¬ 
element  assembly  of  excellent  characteristics.* 

3.2.3  Electronics  and  Alloys  -  "i‘"  Type  Thermoelement s 


The  experimental  ..fork  reported  in  this  section  was 
not  performed  under  this  program  but  was  carefully 
monitored  fur  possible  application  to  in-line  module 
development. 

Thermoelements  oj  posit.?  v*-  •  il  »;•  i  t y  and  unique  con¬ 

figuration  have  been  developed  by  General  Instrument 


*  A  further  discussion  of  tine  testing  ot  "metallic  ri  'h"  thermo¬ 
elements  is  given  in  (3). 


Tin  Tellur id e/ 
Lead  Tellur id e 
Thermoelement 
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TABLE,  I 

Thermoelectric  i  .’uj-  i-fl':-  * 

Tin  Telluride/Lead  Telluridc  5  "111  Stat.  Solution 
"Metallic  Rich"  Designation 


Temperature  Seebeck  Coefficient, 

Resistivity, e 

Thermal  Conductivity 

°F 

v/°C 

watts/cm0 C 

100 

83 

1090 

.0230 

200 

103 

1300 

.0211 

300 

126 

1520 

.0173 

400 

153 

1830 

.0149 

500 

176 

2180 

.0130 

600 

3  94 

2540 

.0116 

700 

209 

2950 

.0108 

800 

223 

33  30 

.0103 

900 

230 

3760 

.0108 

1000 

230 

4110 

.0124 

1100 

- 

- 

.0152 

*  Data 

supplied  by  Minnesota  Minin 

g  and  M.nuiavt’ 

tiring  Company 

-  15 


in  conjunction  with  the  Electronics  end  Alloys 
Company  of  Ridgefield  Park,  N.  J.  These  elements 
have  been  performance  and  life  tested  at  the 
Thermoelectric  Division  of  the  General  Instrument 
Corporation.  These  thermoelements  are  rigidly 
bonded  to  iron  contacts  and  are  ready  for  assembly 
into  a  device.  Element  testing  consisted  of  sub¬ 
jecting  the  elements  to  an  operating  temperature 
gradient,  approximately  950U-350°F,  and  to  thermal 
cycling  over  prolonged  time  periods.  Measurements 
were  made  of  electrical  resistance  and  Seebeck 
coefficient  during  the  test.  The  tests  were  con¬ 
ducted  with  the  elements  in  a  nitrogen  atmosphere. 

Test  results  for  two  typical  samples  are  given  in 
Figures  9  and  10. 

It  can  be  seen  that,  after  a  resistance  increase 
in  the  first  50-100  hours,  the  results  show  excel¬ 
lent  stability  with  respect  to  Seebeck  coefficient 
and  resistance.  We  are  aware  of  no  other  positive 
polarity  semiconductor  thermoelement  in  this  temp¬ 
erature  range  having  a  stability  and  figure}  of 
merit  comparable  to  these  elements.  The  figure  of 
merit,  Z,  for  this  material  has  not  been  determined 
with  precision  due  to  difficulty  of  obtaining  accurate 
thermal  conductivity  data  for  the  elements.  Measure¬ 
ments  that  have  been  taken  indicate  that  Z  is  approx¬ 
imately  0. 0007-0. 001/° C,  which  compares  very  favor¬ 
ably  with  other  materials  in  tiers  temperature  range. 
This  is  especially  true  when  it  is  considered  that 
the  Z  for  these  very  short  elements  includes  the 
effect  of  junction  resistances. 

3.3  Cold  Junction  Contacts 


In  the  first  quarterly  progress  rep  >rt  h>r  this  prograin(l)  a 
discussion  was  given  relative  t  >  work  being  done  under 
another  program  at  General  Instrument  Corporation  on  bonding 
lead  teiluride  for  operation  at  cold  junction  temperatures. 

A  process  has  been  developed  which  yields  low  junction  resis¬ 
tances  and  satisfactory  strength.  A  number  of  the  samples 
described  in  section  3.  <1.1  utilized  this  improved  cold 
junction  process  and  post  test  analysis  disclosed  no  fail¬ 
ure  due  to  cold  side  bonding.  Junction  resistivities  ol 
30  uavcrrr  are  typical. 

The  process  consists  of  electroplating  the  lead  teiluride 
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thermoelement  bonding  surface  with  tin  and  coating  the 
iron  contact  with  tin  by  thermal,  means.  The  two  surfaces 
are  joined  by  heating,  in  an  8b-.  nitrogen  1  >  ,  hydrogen 
atmosphere,  to  1200°F  for  15  minutes. 


4.  ENCAPSULATION 


It  was  recognized  at  the  beginning  u  I  tids  program  that  sealing  an 
in-line  module  against  air  would  be  a  difficult  problem.  The  encap¬ 
sulation  of  individual  elements  would  therefore  be  most  desirable. 

An  encapsulation  method  which  consists  of  a  glass  bonded  synt) etic 
mica  sleeve  closely  fitted  to  the  element  and  cement  end  seals  was 
tested  during  this  program  to  determine  the  performance  of  encap¬ 
sulated  "N"  and  "P”  lead  tellur ide  thermoelements  in  air  at  1000°F. 

The  test  was  intended  to  investigate: 

a)  the  ability  of  a  specific*  encapsulation  method  to 
prevent  oxidation  of  the  thermoelements 

b)  bhanges  in  thermoelectric  properties  or/and  element 
geometry  resulting  from  sublimation 

e)  performance  of  various  cement  end  seals. 

A  total  of  forty-five  test  samples  were  prepared,  illustrated  in 
Figure  11.  Thirty  samples  were  tested  isothermally  in  air  and 
fifteen  in  an  oxygen  free  atmosphere.  All  samples  were  thermally 
cycled  once  every  24  hours.  Three  different  end  seal  cements; 

Allen  PBX  ;ccocoeram  SM-25,  and  Saaereisen  #  1  were  evaluated. 

The  origii  1  test  plan  was  to  remove  samples  for  checking  at  the 
end  of  100,  500,  1000  and  3000  test  hours.  The  air  test  was:  dis¬ 
continued,  as  discussed  below,  after  100  hours  due  to  severe 
oxidation. 

The  test  equipment  used  in  this  experiment  is  shown  in  Figure  12. 
Essentially  it  is  a  group  of  three  glass  tubes  with  each  tube 
enclosed  by  its  own  electrical  heater.  Connections  are  made  to  each 
tube  for  atmosphere  control  and  temperature  measurement.  The 
samples  were  mounted  in  stainless  steel  sa-rple  holders,  shown  in 
-the  foreground  of  Figure  12,  fox-  insertion  into  the  tubes. 

The  original  test  plan  called  for  c^amiud tion  of  two  samples  exposed 
to  air  and  of  two  samples  from  the  air- tree  t  *st  tube  after  100  hours. 
The  samples  expostd  to  oir  for  100  houi-s  showed  a  number  of  very 
obvious  affects;  the  glass  bonded  mica  sleeves  were  of  a  hard,  glassy 
appearance  and  structure  compared  to  their  normal,  fibrous  appearance; 
the  cement  end  seals  showed  evidence  uf  cracking  and  the  thermo¬ 
elements  showed  signs  of  severe  oxidation  with  changes  in  size, 
weight  and  color.  Figure  13  sh.nvs  the  aipraranec  of  an  exposed 
sample  compared  to  an  r  *xposed  rontr«>L  sample.  As  a  result  of’ 
these  findings,  all  air  atmosphere  testing  oi  this  encapsulation 
con figura tion  was  discontinued. 


DRAWING  NUMBER  ISSUE 
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Encapsulated  sanples  exposed  to  an  nitrogen  atmosphere  (it  is  pro¬ 
bable  that  some  oxygen  was  present  ir  the  nitrogen  used)  for  3000 
hours  have  been  examined  for  change*  in  weight.,  electrical  resis¬ 
tance.  The  results  are  given  in  Table  4~1  below.  With  the  excep¬ 
tion  of  cracking  of  the  cement  end  seals  n<»  visual  changes  in  the 
sanple  appearance  were  noted. 


TABLE  41 


Test  Results  ol'  Encapsulated  Ti rmoeienients 
in  Nitrogen  at  1000°F 


Sanple 

Element 

Polar¬ 

Cement 

Sanple  Weight, 
grams 

Element 

Resistance 

u  St- 

Number 

ity 

Used 

Initial 

3000  hours 

Initial 

3000  hours 

34 

P 

Sauersisen 

3.579 

3.568 

2150 

2375 

35 

P 

TT 

3.592 

3 . 5  46 

TT 

2425 

36 

P 

Eccoceram 

3 . 561 

3.544 

TT 

sample 

damaged 

37 

P 

rr 

3."78 

3.552 

TT 

2250 

38 

P 

TT 

3.555 

3.537 

tT 

2550 

39 

N 

PBX 

3.682 

3.663 

1020 

5600 

40 

N 

TT 

3.716 

3.701 

TT 

3950 

41 

N 

PBX 

3.703 

3.684 

1020 

2700 

42 

N 

Sauer eisen 

3.713 

3.681 

1020 

2000 

43 

N 

»• 

3.-08 

3.6 '2 

TT 

1230 

44 

N 

Eceoeeram 

3 .  fiKl 

3.1  *6 

TT 

1225 

45 

N 

TT 

3.692 

3  .  t > 8  / 

TT 

1225 

It  can  be  seen  from  Table  4-1  tbit  the  weight  changes  were  negative 
in  every  case.  Tliis  may  indiv  ate  that  s  -me  sublimation  took  place. 
These  weight  changes  are  very  snail  in  a  number  ot  cases  and  may  be 

measurement  uncertainty. 

The  resistance  ol  the  "P"  cl .  emeu  is  in-  n  used  only  1U:,  tliis  is  con¬ 
sidered  an  excellent  result.  Ab-mi  O',  . •  i  the  ”N"  elements  increased 
only  2(K,  an  acceptable  result.  Th  •  hulau  e  ot  the  "Nf’  elements 
increased  to  an  unacceptable  value  t  r  reasons  that  are  nut  known. 


There  is  no  apparent  oorreJation  l  •  ».  •  ...gi  i  t .  •  lc  of  weight  change 

and  magnitude  of  resistance  <h  .n,., , .  e-  ...  :  is  indicate  that  the 

encapsulation  method  tested,  viiu  .  .  •  »n  va. torment ,  would  provide 

satisfactory  thermoelement  pror  el  r  in  an  atmosphere  that  was 
nominally  oxygen  free  but  that  out  i- .  d  »1L  amoimts  of  oxygen. 

A  small  number  of  bare  the r mo eV me  era,  wv.e  exposed  to  a  1000°F  temp¬ 
erature  in  a  nitrogen  atmosphere  tor  z200  to_rs.  The  test  results 
are  clouded  because  air  was  inadvertently  admitted  to  the  sanple 
environment  on  one  occasion.  A  yell-  v  dis  deration  was  noted  upon 
post-test  visual  examination.  It  was  also  noted  that  sections  of 
the  "P"  elements  had  chipped  away.  The  test  results  are  given  in 
Table  4-2. 


TABLE  4-2 

Test  Results  of  Bare:  Thermoelements  in  Nitrogen  at  1000°F 


Sanple 

Number 

Element 

Polarity, 

Sample 

Weight, 

grams 

Element 

Resistance, 

Initial 

2200  hours 

Inital 

2200  hours 

8 

N 

3.219 

3 . 096 

1020  P-* 

2400  g-*- 

9 

N 

j  3.241 

3.071 

1020 

2373 

132 

P 

3.110 

2.803 

!  2130 

6630 

119 

P 

3.108 

2.646 

2130 

6600 

It  can  be  seen  that  the  magnitude  ol  the*  weight  change  is  greater 
that  that  observed  for  the  encapsulated  samples,  probably  due  to  a 
greater  amount  of  sublimation.  These  samples  were  tested  isothermally 
at  1000°F,  therefore  a  far  greater  am  mt  of  sublimation  would  be 
expected  than  for  a  ease  where  only  tl.i  hot  juietion  would  be  at  this 
elevated  temperature. 

The  magnitude  of  the  resistance  changes  for  the  ,rN"  elements  are  com¬ 
parable  to  those  seen  for  the  encapsulated  samples.  Very  large 
changes  for  the  "P"  elements  were  observed  however. 

A  modification  of  this  enr  arsulati.  at  *ne  th* ><1  was  examined  during  this 
program.  This  modification  consists  of  metallizing  the  hot  junction 
end  of  the  isomica  sleeve  and  i.  .azing  tne  sleeve  to  the  hot  junction 
metal  conductor.  This  braze  seal  is  substituted  for  the  cement  end 
seal.  Samples  of  this  configuration  were  prepared  and  tested  in  an 
air  atmosphere.  The  brazed  seal,  luited,  apparently  caused  by  some 
corrosion  mechanism,  with  subsequent  oxidation  of  the  thermoelement 
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assembly.  Additional  samples  were  prepared  using  a  Sauereisen  cement 
over  the  bbazed  seal,  again  the  results  were  negative.  Additional 
experimental  work  would  enable  understanding  of  the  braze  seal  corro¬ 
sion  mechanism  so  that  corrective  measures  could  be  taken  and  a  satis¬ 
factory  encapsulation  method  developed.  Due  to  funds  limitation  this 
additional  work  was  not  conducted  during  this  program. 

Certain  conclusions  and  recommendations  c  an  be  made  relative  to  this 
encapsulation  study: 

1.  Oxidation  protection  in  an  air  atmosphere  was  not  provided 
by  the  encapsulation  techniques  tested. 

2.  Sublimation  protection  is  provided  by  the  encapsulation 
technique  tested. 

3.  Resistance  changes  and  weight  changes  in  a  nominally 
oxygen  free  atmosphere  were  larger  for  bare  than  for 
encapsulated  samples.  The  use  of  the  encapsulanf  is 
therefore  concluded  to  be  beneficial  in  this  atmosphere. 

4.  The  encapsulation  method  tested,  with  further  develop¬ 
ment,  may  provide  satisfactory  protei  Liun  for  thermo¬ 
elements  exposed  to  an  atmosphere  containing  small  amounts 
of  oxygen. 

5.  A  metallized  spray/brazing  end  seal  technique  has  some 
possible  merit  for  use  in  an  air  atmosphere.  Additional 
development  work  is  required,  however,  to  fully  evaluate 

this  technique. 
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HEAT  TRANSFER  STUDIES 


A  heat  transfer  test  was  condwted  a;  part:  <1  this  program  to  deter¬ 
mine  the  magnitude  of  extraneous  heat  loss  J_n  an  in-line  generator 
module.  Extraneous  loss  has  been  do  Lined  as  tiny  heut  transferred 
from  source  to  sink  that  does  not  pass  through  the  thermoelectric 
elements  themselves  and  is,  therefore,  not  available  for  conversion. 
In  the  in-line  configuration  the  extraneous  less  consists  of  all 
heat  transferred  directly  through  the  insulation  from  hot  to  cold 
fins  as  well  as  through  the  enclosing  vail.-,  shown  in  Figure  lb. 

A  model  of  an  in-line  module  was  ecus  true,  ted  for  heat  transfer  test 
purposes.  This  model  consisted  of  thermoelement  analogs,  hot  fins, 
cold  fins,  thermal  insulation,  an  cn_lus<ire,  and  temperature  sensing 
thermocouples.  In  order  to  simplify  fabrication  and  operation 
Nichrome  wire  analogs  were  used  having  a  thermal  conductance  equal 
to  0.25”  diameter  by  0.2"  long  I'LTe  Llaum.r  elements. 

The  model  used  three  in-line  thermoelement  and  fin  assemblies.  Each 
assembly  consisted  of  five  thermocouples  or  20  thermoelements  in  sets 
of  two  parallel  elements.  One  such  asse.mtly  is  illustrated  in 

Figure  14. 

The  in-line  assemblies  were  installed  in  a  frame  ipade  of  010"  thick 
stainless  steel.  Glass  bonded  mica  sheets  were  fabricated  to  form 
hot  side  and  cold  side  seals.  A  photograph  of  the  assembly  is 
shown  in  Figure  15. 

Temperature  sensing  thermocouples  wove  instilled  on  several  hot  and 
cold  fins  and  on  many  of  the  Nichrome  wire  anul"gs.  Two  small  size 
sensors  were  installed  on  many  of  the  analogs  and  the  spacing  between 
sensors  was  carefully  measured. 

Figure  16  is  a  schematic'  diagram  <  f  f!  tv  u-  apparatus.  A  well 
insulated  electrical  heater  supplied  n*  t  through  suitable  heat- 
spreading  plates  to  the  hot  tins.  A  11  war  supplied  cooling  air  to 
the  cold  fins. 

The  test  was  performed  by  adjusting  the  oleriricul  heater  to  give  a 
hot  junction  temperature  oi  uppivxii  it(  ly  ‘J50°F  and  by  adjusting 
the  blower  velocity  to  give  n  colei  junction  temperature  of  about 
150°F.  These  hot  and  cold  jun«  ti<  n  temperatures  were  considered  to 
be  the  average  of  several  hot  tin  anil  -i  v-  ral  cold  fin  temperature 
readings.  The  system  was  then  a  l Lowed  to  stuhilizi  for  at  least  24 
hours  before  a  set  of  readings  wts  t.l  ii.  Attar  stabilization, 
readings  were  made  of  the  Niehrumt.  .-.n il.og  h mrperoturps ,  the  electri¬ 
cal  input  power,  and  the  air  ll  w. 


Fig. 15 


cd  n  3 

H 

CD  O  O 

3 

b  h  a 

i 

Hac 

H 

H  H  H 

3  H)lt 

3 

0Q  H 

ID 

3 

tS  CD  H  rt 

H  B 

3* 

B  CD  3 

ID 

rt  3* 

4 

CD  O  < 

P 

H  H 

3  3 

H  O 
to  3 


ra 

co 


m 


o 

o  3 

hoq 

a 

rt 
CD  O 
H.  C 
a  to 
cd 

CL 

CD 


ST 

x*w 


3* 

o 

rt 


ts 

s 


CD 

id 

w  3 

H  H» 

h*  n 

3  0) 

w 

CD 

n3  sr 
H  CD 
u  id 

rt  rt 
ID 


In-Line  Thermal  Analog  Sub-Assembly 


^  \ 


22 


Using  the  temperature  data  for  tlx*  thermoelement  analogs  and  measure¬ 
ments  of  their  geometry  it  is  possible  i->  <  il< ulnto  the  average  heat 
flow  through  each  element.  Wlien  t !  ii  ,-c.  r  .  r  is  multiplied  by  the 
number  of  elements  the  total  heat  available  for  conversion  is  deter¬ 
mined. 

The  electrical  power  into  the  fie  tot  w.ts  asm  t*d  and  losses  rom 
the  heater  calculated.  These  losses  w*.re  sul.tr  .ictod  t rom  the  elec¬ 
trical  power  into  the  m  while.  Tin  v  it  io  th  :  total  heat  available 
for  conversion  to  the  n.:t  heat  into  n  ii.L  _ives  the  thermal 
efficiency  of  the  module  design.  A  i.-:i  -:r  of  test  tuns  we--  made 
and  between  59  and  ft  Of'.  of  the  h*  at  inf  .  the  module  was  available  t or 
conversion.  When  the  heat  conducted  through  the  walls  of  ft  con¬ 
tainer  (calculated  from  temperature  measurements)  was  subtracted 
from  the  heat  input  to  th'  module  it  developed  that  f»9  to  8(E'-  of  the 
heat  was  available  lor  conversion.  The  baLaiuc  ol  the  heat  input 
was  conducted  through  the  thermal  insulation  directly  from  the  hot 
to  cold  heat  exchangers. 

These  results  can  be  compared  to  :t  modal-  by  raking  the  following 

assumptions: 

a)  Thermal  conductivity .k  of  t!>.  tbs-rn oulectric 

elements  =  1  Ftu-it 

i~ut-IFrr 

b)  Thermal  conductivity..  Ip.  ot  tie  tb-  r-ul  insuiition 
used  ip  n  modules  =  .03  3  ta- 1 1 


c)  Thermoelement  puking  dia.-iiv,  t’.'i.,  =  ".  • 

d)  Thermoelement.',  and  ih--r-  .1  ia  ;ti  >n  -  o  t  i  qnal 

length  and  t<  -m,  .  rat  .u  *  g:  udi  at.  !  t  t  tl  final 

flow  availal  1*  ;  a  i  uv  •  1  - 

K  (i  -h.) 

_ _  -  .  I  tip 

K  (P.O.)  >  Kp  (1  -  i  *0.) 

so  that  for  th-.  -  -  cm  >  t  a  --  .  a  r-  O'  of  the 

total  heat  is  available  t  a  <  :iv  *  -  i  -n.  This  v.in^iairs 
to  69-8(1.*  lor-  t  he  in-lii.e  -  c. 
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6.  MODULE  FABRICATION  AND  TESTING 
6.1  Concept  Development 


Designers  of  thermoelectric  convertors  utilizing  n  modules 
have  devoted  considerable  effort  into  introducing  suffici¬ 
ent  compliancy  into  their  designs  to  reduce  or  eliminate 
thermoelement  stresses  caused  by  differential  thermal 
expansion.  This  compliancy,  usually  taking  the  form  of  a 
coil  spring  for  each  element,  has  always  introduced  seri¬ 
ous  thermal  penalties  and,  sometimes,  serious  electrical 
penalties.  Initial  experiments  demonstrated  that  some 
form  of  compliancy  was  also  required  for  an  in-line 
module  As  the  following  section  this  report  will 
demonstrate,  however,  compliancy  can  be  introduced  into 
an  in-line  module  with  no_  thermal  penalty  and  minimal 
electrical  penalties . 

Two  concepts  have  been  developed  for  introducing  compli¬ 
ancy.  In  the  first,  a  compliant  member  shown  in  Figure 
17 ,  in  the  form  of  flexible  copper  braid  was  introduced 
in  the  hot  fin.  This  concept  was  designated  hot  junction 
conpliancy  ■  In  the  second  the  compliancy  was  obtained  by 
placing  silicon e  rubber  pads  between  the  cold  fins  of 
adjacent  thermocouples.  The  electrical  path  between 
’couples  is  maintained  by  a  flexible  copper  wire  soldered 
to  neighboring  cold  fins.  This  concept  is  illustrated  in 
Figure  1  rnd  was  designated  cold  junction  compliancy. 

A  brief  performance  test  was  completed  on  a  three  thermo¬ 
couple  module  of  the  hot  side  compliancy  design.  This 
module  is  shown  in  Figure  17.  The  module  was  installed  in 
the  test  apparatus  of  Figure  19.  A  bell  jar  enclosure 
enabled  a  nitrogen  atmosphere  to  be  maintained  around  the 
thermoelements.  The  hot  junctions  were  heated  to  900°F 
with  an  electrical  heater.  The  (sold  fins  were  immersed  in 
an  oil  bath  and  a  heat  exchanger  in  the.  bath  was  used  to 
maintain  the  cold  junctions  at  the  desired  temperature  of 
300°F.  Provisions  were  made  for  measuring  junction  temp¬ 
eratures,  the  electrical  resistance  and  the  Seebeck  voltage 
of  each  thermocouple.  The  test  was  run  for  a  72  hour 
period,  the  sample  was  then  removed  so  that  a  cold  junction 
compliancy  module  could  be  tested.  The  test  results  are 
given  in  Figure  20  which  shows  powt r  output  of  each  oi  the 
three  thermocouples  versus  time.  The  power  output  decrease 
in  thermocouples  1  and  2  in  the  first  18  test  hours  was 
caused  by  increases  in  the  resistance  of  the  positive  thermo- 
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element,  an  increase  universally  seen  in  these  particular 
elements  early  in  high  temperature  life.  The  positive 
thermoelement  resistance  generally  tends  to  stabilize  after 
this  increase.  The  power  output  decrease  in  these  elements 
seen  later  in  the  test  was  primarily  due  to  a  decrease  in 
the  Seebeck  voltage  of  the  negative  thermoelements.  The 
cause  of  this  voltage  decrease  is  believed  to  be  thermo¬ 
element  contamination.  The  decrease  in  power  output  seen 
between  48  and  70  hours  for  thermocouple  3  was  due  to  a  com¬ 
bination  of  both  of  the  causes  mentioned  above. 

A  five  couple  cold  junction  compliancy  module  was  built  and 
tested.  The  test  apparatus  is  identical  to  that  used  for 
testing  the  3  couple  hot  junction  compliancy  module  (des¬ 
cribed  above) .  At  the  time  of  writing  this  report  the  module 
has  been  under  test  1800  hours  and  subjected  to  300  thermal 
cycles.  The  performance  test  is  still  continuing. 

The  test  results  are  given  in  Figures  21  and  22.  The  mean 
operating  tender atures  were  830-330°F.  The  power  output 
decrease  is  about  25%.  Figure  21  shows  the  curve  of  power 
output  versus  time  for  the  five  couple  module.  It  can  be 
seen  that  a  significant  decrease  in  output  power  occurred 
after  150  hours  of  operation  and  a  few  thermal  cycles  were 
inposed.  This  was  caused  by  an  increase  in  "N"  thermoele¬ 
ment  resistance.  It  can  be  seen  that  a  gradual,  slow 
decrease  in  power  output  continued  to  the  1800  hour  test 
point.  It  is  of  interest  to  note  that  the  entire  power 
output  decrease  from  .1100-1800  hours  was  caused  by  a  resis¬ 
tance  increase  in  one  r'Nn  element. 

Figure  22  shows  the  Seebeck  voltage  and  resistance  versus 
time  curves  for  a  typical  thermocouple.  Note  the  relative 
stability  of  all  values  except  the  ,TN"  element  resistance. 

The  test  results  <  this  five  c  ouple  module  appear  better 
than  tests  performed  in  oar*  laboratory  with  similar  thermo¬ 
elements  in  a  n  configuration.  It  is  very  possible  that 
the  excellent  compliancy  obtained  with  the  in-line  concept 
accounts  for  this  superior  per  torwance. 

A  comparison  between  the  two  concepts  was  made.  The  advan¬ 
tages  and  disadvantages  of  each  is  given  in  Table  6.1  below. 
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TABLE  6.1 


Hot  Junction  Compliancy 


Advantages  Disadvantages 


The  electrical  resistance  oi  the  The  temperature  gradient  across 
converter  is  not  affected.  the  hot  fin  is  increased. 

Each  bank  of  couples  is  supported 
at  its  ends  only  and  is  similar 
to  a  simply  supported  beam. 

All  elements  in  a  row  required 
simultaneous  soldering  to  their  cold 
fins. 


Cold  Junction  Compliancy 


Advantages 


A  defective  couple  can  be  removed 
and  replaced  without  affecting 
the  neighboring  couples. 

Each  couple  is  individually  sup¬ 
ported  by  its  own  hot  fin,  and  is 
similar  to  a  multiply  supported 
beam. 

No  thermal  gradient  penalties  are 
imposed. 


Disadvantages 

About  2.8S  internal  1  esistance 
increase  of  the  converter,  (at 
operating  temperatures) ,  due  to  the 
electrical  connection  between  the 
couples. 


Although  the  two  concepts  exhibited  similar  performance  , 
it  was  disclosed  by  experience  that  the  cold  junction  com¬ 
pliancy  concept  was  superior  to  that  of  the  hot  junction 
conpliancy.  In  addition  to  the  advantages  mentioned  in  the 
table  6.1  above,  the  manufacturing  was  easier,  the  reject 
rate  lower  and  the  final  assembly  simpler  in  the  cold  junc¬ 
tion  concept.  Therefore,  it  was  tit -aided  to  build  the 
twenty  couple  module  using  the  odd  junction  conpliancy 
concept. 

6.2  Module  Development  and  Fubri  •nti  at 


A  twenty  couple  modulo  has  been  designed  and  1'abricated. 
The  module  is  shown  schematically  in  Figure  23.  It  con- 
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sists  mainly  of  an  enclosing  structure  into  which  thermo¬ 
couples,  attached  to  a  hot  plate,  were  placed .  The  cold 
fins  were  protruding  from  the  enclosing  structure,  as  can 
be  seen  from  Figure  24.  A  cover  protecting  tin:  cold  tins 
and  serving  as  an  air  duet  completed  the  In-line  module. 

The  overall  dimensions  of  the  modulo  were;  length  5  7/8”, 
width  2  5/8,  height  2  15/lb.  The  supporting  structure 
has  the  form  of  a  tray  and  was  made  trom  0.005”  thick 
stainless  steel.  Four  threaded  rs bids”  v:ere  soldered  to 
the  base  of  the  tray  to  allow  fur  the  hot  plate  and  elec¬ 
trical  heater  mounting. 

The  hot  plate  was  made  from  1/10”  thick  stainless  steel. 

It  had  counter-sunk  holes  for  flat  head  screws.  Each 
thermocouple  was  attached  to  the  hot  plate  at  the  base  of 
its  hot  fin  by  means  of  a  flat  head  screw  and  a  nut,  as 
can  be  seen  from  Figure  25.  Care  was  taken  to  insure 
uniform  tenjperature  distribution  among  the  hot  fins.  This 
was  achieved  with  the  use  of  a  mrtp:e-wrem  h  which  was 
intended  to  provide  an  identical  contact  pressure  between 
the  base  of  the  hot  plate  and  the  hot  fin  of  each  thermo¬ 
couple  . 

The  thermocouple  itself  consist* d  oi  positive  and  nega¬ 
tive  polarity  thermoelements,  a  "L"  (taped  copper  hot  fin, 
two  aluminum  cold  fins  and  a  flexible  copper  wire  soldered 
to  the  cold  fin,  as  shown  in  Figure  2(>.  The  positive 
polarity  thermoelements  used  were  of  unique  configuration 
and  have  been  developed  jointly  by  General  Instrument 
Corporation  and  the  Electronic  and  Alloys  Company.  The 
negative  polarity'  thermoelements  used  were  of  two  types, 
each  having  the  same  dimension.'.  Th  first  type  was  a 
rigidly  bonded  lead  tellur ide  ?  1..  cm Lument  using 
"Generalock”*  solder.  The  s<nv*k1  type  was  a  lead  tel¬ 
lur  ide  and  iron  powder  oo-pivssed  sna  sintered  thermo¬ 
element.  The  negative  and  politic  •  polarity  thermoelement 
were  attached  to  the  hot  t in  b\  tin  di fluxion  bunds.  The 
aluminum  cold  fins  were  s  *ldor<  d  t  the  then  oolemonts  with 
soft  solder. 

The  thermocouple,  were  .'.rr.tugod  ••  a  the  h>.t  elate  in  four 
rows.  The  thermocouples  were  e  n.ci.t-*d  electrically  in 
series  by  flexible  copper  wires.  Five  thermocouples  con¬ 
stituted  a  row.  Two  rows  cunt  aiur  1  rigidly  bonded  lead 
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telluride  negative  polarity  thermoelements,  the  other  two 
rows  contained  co-pressed  negative  polarity  thermoelements. 
Provisions  were  made  for  measuring  the  electrical  resis¬ 
tance  and  the  Seebeck  voltage  of  each  row.  Thus,  the  per¬ 
formances  of  the  two  types  of  negative  polarity  thermor 
elements  could  be  evaluated  and  compared.  Laminated  mica 
sheets  (0.002"  thick)  were  placed  between  the  base  of  the 
hot  fins  and  hot  plate  to  provide  the  electrical  insula¬ 
tion.  "Santocel"  insulation  filled  the  voids  between  the 
thermocouples  thus  reducing  convective  and  radiative  heat 
loss. 

This  stainless  steel  tray  was  sealed  by  an  upper  sheet, 
through  which  cold  fins  protruded.  All  the  voids  between 
the  cold  fins  and  the  rubber  were  sealed  with  silicone 
rubber  adhesive. 

A  number  of  thermocouples  were  instrumented  to  sense  the 
hot  and  cold  side  temperatures  and  were  used  to  measvire 
voltages  arjd  resistances. 

The  total  weight  of  the  module  including  cold  fins,  hot 
plate,  thermoelements,  instrumentation,  etc.  was  1.4 
pounds . 

-  6.3  Module  Testing  and  Performance 

A  schematic  diagram  of  the  test  apparatus  for  the  twenty 
thermocouples  in-line  module  is  shown  in  Figure  27. 

Heat  was  supplied  to  the  module  from  an  electrical 
heater  bolted  to  the  bottom  of  the  module.  An  electrical 
guard  heater  was  placed  under  the  main  heater j  hut 
separated  from  the  latter  by  a  layer  of  thermal  insulation. 
Both  heaters  were  surroxmded  by  thermal  insulation. 

Variacs  were  attached  to  each  heater,  thereby  enabling 
the  independent  control  of  the  lie  at  input  to  each  heater. 

A  photograph  of  the  test  apparatus  is  given  in  Figure  28. 

In  order  to  measure  efficiency  the  two  heaters  were  main¬ 
tained  at  the  samp  temperature,  this  minimized  thermal 
losses  from  the  main  heater.  The  heat  input  into  the 
module  was  determined  by  measuring  the  electrical  power 
into  the  main  heater. 

The  output  leads  of  the  module  were  connected  to  a  variable 
resistive  load  through  a  precision  ammeter.  Open  circuit 
voltage  measurements  were  made,  of  the  entire  module  and  of 
each  row  of  five  thermocouples  using  a  precision  potentiometer. 
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The  resistive  load  was  varied  to  obtain  a  closed  circuit 
voltage,  the  open  circuit  voltage,  and  the  current  gave 
the  power  output  and  the  resistance  of  the  entire  module 
or  a  given  row.  Efficiency  was  determined  by  measuring 
the  output  power  of  the  module  and  the  electrical  power 
into  the  main  heater.  A  flowing  nitrogen  atmosphere  was 
provided  for  oxidation  protection. 

The  twenty  couple  module  was  tested  tor  32  hours  and  five 
thermal  cycles  and  then  delivered  to  the  Engineering 
Experiment  Station  at  Annapolis,  Maryland  for  further  test¬ 
ing.  The  test  results  are  given  in  Figures  29  and  30. 

Figure  29  shows  the  changes  in  output  power,  resistance 
and  Seebeck  voltage  for  the  entire  twenty  couple  module. 
Note  tha*  the  Seebeck  voltage  and  resistance  both 
decreas  d,  resulting  in  a  decrease  in  power  output 
because  power  varies  directly  as  the  square  of  the  Seebeck 
voltage  and  inversely  with  resistance. 

Figure  30  shows  the  changes  in  output  power,  Seebpck  vol¬ 
tage,  and  resistance  for  each  of  the  four  rows  in  the 
module.  Rows  identified  as  'B*  and  ’B’,  both  using 
co-pressed  "N"  PbTe  thermoelements,  decreased  in  resis¬ 
tance  and  Seebeck  voltage  resulting  in  a  net  power  output 
decrease.  Both  of  these  banks  were  similar  in  performance. 
Row  A,  which  used  "Generalock"  soldered  "N"  PbTe  elements, 
decreased  in  both  Seebeck  voltage  and  resistance  and  also 
showed  a  power  output  decrease.  Row  C,  which  had 
"Generalockr  soldered  ”N”  PbTe  thermoelements,  decreased  in 
Seebeck  voltage,  resistance  and,  therefore,  power  output  to 
a  considerably  lesser  extent  than  the  other  rows. 

The  shape  of  the  curves  ol  power  output  for  the  entire 
module  and  the  individual  rows  indicates  a  possibility 
that  more  constant  power  output  will  result  when  more  test 
hours  are  inposed. 

Measurements  were  made  of  the  Seebeck  voltage  of  five  "P,: 
thermoelements  during  the  test.  These  measurements  showed 
that  the  Seebeck  voltage  of  all  live  of  these  elements 
increased  with  time.  If  these  live  elements  are  typical 
of  all  twenty,  and  there  is  no  reason  to  expect  that  they 
are  not,  then  it  is  concluded  that  the  serious  decrease  in 
Seebeck  voltage  of  the  module  is  entirely  attributable  to 
the  "N"  thermoelements.  Resistance  measurements  on  these 
five  elements  also  support  a  similar  argument  to  the  effect 
that  the  module  resistance  decrease  was  also  entirely  attri- 
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butable  to  the  "N"  thermoelement-;;.  This  is  consistent  with 
observations  previously  made  for  "Nrr  elements  in  both 
individual  element  and  multi -eouclc  nodule  testing.  In  the 
past,  however,  we  h;.d  observed  tliis  behavior  only  in  iso¬ 
lated  cases  while  in  the  twenty  couple  in-line  module  most, 
if  not  all,  of  the  "N"  thermoelements  exhibited  this  poor 
performance. 

The  expct  cause  of  the  poor  behavior  of  the  ,rN"  elements  is 
not  well  understood  this  time.  There  is  strong  evidence 
that  the  cause  is  not  electrical  shorting.  It  is  possible 
that  the  elements  are  being  contaminated  in  some  manner, 
probably  oxidation.  It  is  also  possible  that  sublimation 
is  causing  t!  2  poor  performance  since  no  encapsulation  was 
used. 

In  previous  tests  this  poor  performance  of  the  "N,r  thermo¬ 
elements  usually  tended-  to  stabilize  early  in  life  and  in 
some  cases  even  tended  to  improve.  This  is  a  possibility 
for  the  twenty  couple  in-line  module. 

An  efficiency  test  of  the  module  was  conducted  early  in 
the  test  program  and  effiwieney  of  2. 8-3.0%  was  measured. 
This  efficiency  is  defined  as  electrical  power  out  divided 
by  electrical  power  into  the  main  heater.  This  efficiency 
conforms  closely  to  prior  expectation. 

The  initial  power  output  also  conformed  closely  to  our 
prior  calculations  but  it  must  he  pointed  out  that  there 
was  a  serious  temperatm'e  distribution  problem  within  the 
module  that  reduced  the  power  output  considerably  below 
that  theoretically  possible.  The  highest  hot  junction 
tenperature  differred  from  the  lowest  hot  junction  tenp- 
erature  by  100°F.  A  similar  1U°°F  difference  obtained  at 
the  cold  junction.  If  these  differences  were  reduced  by 
improved  design  to  20°F  the  power  output  would  increase 
by  approximately  3U%.  This  problem  of  adverse  temperature 
distribution  is  one  that  is  considered  solvable  by  addi¬ 
tional  engineering  development. 
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Three  basic  areas  of  thermoelectric  generator  technology  were  inves¬ 
tigated  in  the  first  phase  of  this  program;  bonding  of  positive 
polarity  lead  telluride,  encapsulation  of  lead  telluride  and  the 
heat  transfer  problems  related  to  an  "in-line"  module.  Bonding 
studies  of  'P*  PbTe  thermoelements  indicated  that  further  develop¬ 
ment  effort  is  required  to  obtain  a  method  giving  low  junction 
resistance  and  not  causing  stress  induced  cracking  of  the  thermo¬ 
element.  Of  the  methods  studied  the  only  promising  results  were 
with  "Metallic  Rich"  Lead  Telluride*  which,  while  stress  induced 
thermoelement  cracking  was  not  observed,  suffered  a  serious 
decrease  in  Seebeck  coefficient  as  a  function  of  operating  time. 

If  this  problem  could  be  overcome  then  this  material  could  provide 
useful  *Pf  thermoelements. 

The  very  limited  development  effort  devoted  to  encapsulation  demon¬ 
strated  that  the  glass  bonded  synthetic  mica/cement  end  seal  encap- 
sulant,  while  satisfactory  in  an  inert  atmosphere,  did  not  provide 
thermoelement  oxidation  protection.  An  interesting  variation  of 
this  encapsulant,  which  consisted  of  metallizing  the  synthetic  mica 
sleeve  to  allow  it  to  be  brazed  to  a  metal  conductor,  was  tested 
with  negative  results.  The  reasons  for  the  failure  are  obscure,  so 
that  it  is  possible  that  further  development  could  yield  a  useful 
encapsulation  method. 

A  simulated  convertor  was  built  and  tested  to  arrive  at  an  approxi¬ 
mate  value  of  module  thermal  efficiency,  i.e.,  what  percentage  of 
the  total  heat  input  to  the  module  is  available  for  conversion  and 
what  percentage  is  extraneous  loss.  Test  results  indicated  that 
60-7096  of  the  heat  input  to  the  module  is  available  for  conversion. 

These  three  prelimina'ry  investigations  defineo  a  state-of-art  upon 
which  the  design  of  an  "in-line"  convertor  module  could  be  based- 
This  module  consists  of  negative  and  positive**  thermoelements,  a 
finned  cold  junction  heal  exchanger,  an  element  mounting  plate  and 
associated  hot  junction  heat  conductors,  a  conpliancy  mechanism,  a 
sealed  enclosure  and  associated  instrumentation. 

Small  scale  experimental  models  incorporating  different  compliancy 
methods  were  fabricated  and  tested.  One  of  these  models,  consist¬ 
ing  of  five  thermocouples  and  a  cold  junction  conpliancv  technique. 


*  Vendor  Designation,  Minnesota  Mining  and  Manufacturing  Conpany 

♦•Positive  polarity  thermoelements  of  unique  configuration, 

developed  by  Electronics  and  Alloys,  Inc.  of  Ridgefield,  N.  J. , 
were  used  for  module  fabrication 
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was  tested  in  a  nitrogen  atmosphere  in  a  930-300  F  thermal  gradient. 
A  power  output  of  approximately  0.5  watts  per  thermocouple  was 
obtained  and  a  power  output  decrease  of  only  25%  was  observed  after 
operation  for  1800  hours  and  300  thermal  cycles.  A  cycle  consists 
of  changing  the  hot  junction  temperature  from  900  F  to  400  F  and 
back  to  900  F. 

An  "in-line'*  module  was  fabricated  and  tested  which  consisted  of 
twenty  thermocouples,  cold  junction  heat  exchanger,  enclosure,  etc. 
and  weighed  1.4  pounds.  The  power  output  obtained  in  a  900  F  to 
350  F  average  thermal  gradient  is  approximately  ten  watts  at  3% 
overall  efficiency. 

Based  on  the  experimental  work  performed  during  the  course  of  this 
program  certain  conclusions  can  be  drawn: 

1.  Positive  and  negative  polarity  bonded  thermoelements  are 
available  which  can  be  operated  in  a  useful  temperature 
gradient  and  a  protective  atmosphere  for  many  hundreds 
of  hours  without  serious  degradation. 

2.  These  thermoelements  can  be  fabricated  into  modular 
assemblies  at  a  negligible  rejection  rate. 

3.  Compliancy,  required  to  avoid  thermally  induced  stresses, 
is  readily  introduced  into  an  in-line  module  without 

any  serious  performance  or  weight  penalty. 

4.  The  method  described  in  this  report  for  enclosing 
"in-line”  thermocouples  in  the  module  assembly  to  pre¬ 
vent  oxidation  is  imperfect.  That  this  problem  is 
susceptible  to  engineering  development  appears  probable. 

5.  The  ’'in-line"  concept,  with  additional  development, 
can  be  used  to  fabricate  relatively  light  weight, 
stable  thermoelectric  modules.  The  original  expecta¬ 
tion  of  high  performance,  truly  light  weight  thermo¬ 
electric  generator  modules  was  not  achieved,  however. 

It  is  now  evident  that  either  thermoelements  that  can 
be  operated  in  air  or  an  encapsulant  offering  protec¬ 
tion  in  air  must  be  developed  before  this  expectation 
can  be  achieved. 

6.  During  the  course  of  this  program  it  became  evident 
that  the  "in-line"  concept  would  be  of  value  in  a 
Peltier  heat  pumping  application.  This  is  especially 
true  since  the  tenperature  levels  involved  are  such 
that  oxidation  is  not  a  problem. 

Unless  oxidation  resistant  modules  or  suitable  encapsulants  are 
developed,  the  only  way  in  which  the  in-line  configuration  can 
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be  utilized  is  in  a  manner  similar  to  the  twenty  thermocouple  module 
described  in  this  report.  If  this  is  to  be  done  then  further 
development  effort  is  recommended: 

1.  Improvement  of  the  tenperature  distribution  at  both  the 
hot  and  cold  junctions  of  the  module  is  required. 

2.  Additional  design  and  development  of  the  enclosure  so 
that  the  module  can  be  sealed  and  yet  withstand  varia¬ 
tions  in  internal  pressure. 

3.  Modifications  of  the  hot  fin  mounting  plate  for  direct 
use  of  convective  heat  transfer  from  the  exhaust  of  a 
fossil  fuel  burner. 

4.  Investigation  of  the  cause  of  the  decrease  in  ’N’ 
thermoelement  Seebeck  voltage  observed  in  the  twenty 
thermocouple  module. 
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